A specral, immunochemical, and proteolytic characterization of native 120-kilodalton (kD) phytochrome from Cucurbita pepo L. is presented and compared with that previously reported for native 124-kD phytochrome from Avena satiia. The molecule was partialy purified ('200-fold) in the phytochrome-far red-absorbing form (Pfr) in the presence of the protease inhibitor, phenylmethylsulfonyl fluoride, using a modification of the procedure initially developed to purify 124-kD Arena phytochrome. The spectral properties of the preparations obtained are indistinguishable from those described for 124-kD Avena phytochrome, including a Pfr X..., at 730 nanometers, a spectral change ratio (AAJ AAe,) of 1.05, and negligible dark reversion of Pfr to the red-absorbing form (Pr) in the presence or absence of sodium dithionite. This lack of dark reversion in vitro contrasts with observations that Cucurbita phytochrome, like phytochrome from most other dicotyledons, exhibits substantial dark reversion in vivo. Ouchterlony double immunodiffusion analysis with polyclonal antibodies indicates that 120-kD Cawurbita phytochrome is immunologicaHly dissimilar to 124-kD Avena phytochrome. However, despite this dissimilarity, immunoblot analyses of proteolytic digests have identified at least three spatially separate epitopes that are common to both phytochromes. Using endogeneous protease(s), a peptide map for Cucurbita phytochrome has been constructed and the role that specific domains play in the overall structure of the photoreceptor has been examined. One domain near the NH2 terminus is critical to the spectrl integrity of the molecule indicating that this domain plays a structural role analogous to that of a domain near the NH2 terminus ofAvena phytochrome. Proteolytic removal of this domain occurs preferentially in Pr and its removal shifts the Pfr X.. to 722 nm, increases the spectral change ratio to 1.3, and substantially enhances the dark reversion rate. The apparent conservation of this domain among evolutionarily divergent plant species and its involvement in a conformational change upon photoconversion makes it potentially relevant to the mechanism(s) of phytochrome action. Preliminary evidence from gel filtration studies suggests that the 55-kD chromophoreless COOHterminal region of the polypeptide contains a domain responsible for dimerization of phytochrome monomers.
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Many aspects of plant development are controlled by the Pfr form ofthe regulatory photoreceptor, phytochrome ( 16, 25) . The molecular basis for the biological activity of Pfr remains obscure despite intensive study over the last two decades (see 19, 26) . This understanding has been hindered in part by the difficulty of purifying the chromoprotein in its native form (28 apparent that phytochrome from all plant species thus far examined is susceptible to a Pr-specific, PMSF3-sensitive protease(s) present in crude plant extracts (8, 28, 32) . This proteolysis, although limited, results in the production of chromoproteins with spectral and biochemical properties that are altered relative to those of the native form (see 21) . Since, prior to 1982, phytochrome was invariably isolated without knowledge of or adequate precautions against this proteolysis, it appears likely that a majority of previously reported biochemical investigations of the molecule have been performed inadvertently with preparations containing at least in part degraded chromoproteins (28, 32) .
By incorporating specific measures to inhibit proteolysis, i.e. extraction of the chromoprotein as Pfr in the presence of PMSF, a protocol for the purification of native 124-kD phytochrome from the monocot, Avena sativa, has been developed recently (30) and a detailed characterization of this molecule begun (4, 6, 12, 21, (29) (30) (31) (32) . However, as noted by Cordonnier and Pratt (2) , an extensive characterization of phytochrome from only a single plant species may yield misleading information, since at least some of the properties observed may be unique only to the molecule from that species. This potential problem is underscored by the observations that phytochrome exhibits substantial interspecific polymorphism especially when analyzed using immunochemical methods (2, 5, 18, 23, 32) . Alternatively, a search for molecular features conserved among phytochromes from evolutionarily divergent plant species may be a potentially more rewarding approach. This comparative approach would focus attention on only those molecular properties most likely related to function. To this end, several common features among phytochromes have already been identified including the presence of conserved epitopes (2-4) and domains whose protease sensitivity is modulated by the spectral form of the molecule (32) .
Using such a comparative approach, we describe here spectral, immunochemical, and proteolytic analyses of parially purified yapatite [CaIO(PO4)6(OH)2] was prepared as before (30) pellet resuspended in 100 mm K-phosphate, 5 mM Na4EDTA, and 14 mM 2-mercaptoethanol (pH 7.8) with or without 1 mM PMSF.
Gel filtration of phytochrome-containing samples was accomplished using a 2.6 x 80 cm Bio-Gel A-1.5m column (flow rate = 0.4 ml min-') equilibrated in 100 mM K-phosphate, 1 mM Na4EDTA, and 14 mm 2-mercaptoethanol, pH 7.8. The column was calibrated with respect to molecular mass using Blue Dextran (2,000 kD), bovine catalase (232 kD), porcine fumarase (194 kD), rabbit aldolase (158 kD), rabbit phosphorylase b (94 kD), porcine carbonic anhydrase (29 kD), and flavin mononucleotide.
Protein Determination. Total protein was determined by the method of Lowry et al. (13) as modified previously (30), using BSA as a standard.
Spectroscopy. Phytochrome spectra were recorded with a Perkin Elmer model 557 spectrophotometer (Norwalk, CT) with the cuvette holder cooled to 2°C. Rates of phytochrome dark reversion (Pfr to Pr) at 10°C, with or without the addition of 5 mM sodium dithionite, were determined as previously described (30) .
Phytochrome Proteolysis. Cucurbita phytochrome was digested into an array of polypeptides with endogenous protease(s) present in the partially purified preparations. Phytochrome, purified through the DEAE Bio-Gel A step, was dissolved in 100 mm K-phosphate, 1 mm Na4EDTA, and 14 mM 2-mercaptoethanol (pH 7.8) without PMSF and incubated at 10°C following a saturating red or far-red irradiation. Proteolysis of Avena phytochrome by endogenous protease(s) present in crude extracts was performed as previously described (32) .
SDS-PAGE and Immunoblotting. Samples for electrophoresis were boiled for I min with an equal aliquot of electrophoresis buffer consisting of 125 mM Tris-HCl, 10% (v/v) 2-mercaptoethanol, 4% (w/v) SDS, 20% (v/v) glycerol, and 0.002% (w/v) bromophenol blue, pH 6.8 (25°C) (32) . Discontinuous SDS-PAGE was conducted according to Laemmli (1 1) using 4 or 8% acrylamide running gels (acrylamide:bis-acrylamide ratio of 30:0.8) and a 4.5% acrylamide stacking gel. Molecular mass markers used for SDS-PAGE were those described previously (28) . Following electrophoresis, proteins were transferred electrophoretically onto nitrocellulose sheets (HAHY 304 FO, Millipore Corp.) (32) . Phytochrome polypeptides bound to the nitrocellulose were detected immunologically using the method of Knecht and Dimond (9) as modified by Vierstra et al. (32) . Between 50 and 100 ng of Cucurbita phytochrome (determined spectrophotometrically) was applied to each lane.
Primary antibodies were produced in rabbits and were either a 1/500 dilution ofpreimmune serum, a 1/500 dilution ofserum directed against 124-kD Avena phytochrome (31), or purified antiphytochrome Igs (5 ,g/ml) directed against immunopurified Cucurbita phytochrome (1, 32). Ouchterlony double immunodiffusion was performed as described previously using undiluted serum (2) . RESULTS Cucurbita Phytochrome Purification. Using the procedure described here, 120-kD Cucurbita phytochrome was partially purified approximately 200-fold with respect to total protein (A66/ A280= 0.18) in yields of 10 to 20%. Phytochrome was the only species absorbing in the visible region of the spectrum (Fig. 1) . Only traces of degraded phytochrome polypeptides were present in these preparations as assayed by immunoblotting (see Fig. 5 below). One inherent difficulty in the procedure was the propensity for phytochrome degrading proteases to copurify with phytochrome. As a result, it was necessary to maintain the chromoprotein in the Pfr form in the presence of PMSF throughout. Several attempts to further purify the molecule were notably unsuccessful. Further purification of phytochrome in the DEAE Bio-Gel pool could be accomplished by gel filtration on Bio-Gel A-1.5m (A6"/A280 ratios of > 0.60). However, because phytochrome degrading protease(s) cochromatographed with the 120-kD molecule, the final preparations contained substantial amounts of degraded phytochrome polypeptides. Affi-Gel Blue chromatography of the hydroxyapatite or DEAE pools as previously described for the isolation of Avena and Secale phytochromes (27, 30) yielded no increase in purification. In contrast to Avena and Secale phytochromes, which remain bound to the column at high KCI concentrations and elute in the presence of flavin mononucleotide, Cucurbita phytochrome as Pr remained bound to the Affi-Gel Blue in the presence of 10 mm flavin mononucleotide but was effectively eluted along with a majority of the contaminating proteins by 250 mm KCI.
Spectral Properties. Cucurbita phytochrome purified by the method described here was completely photoreversible and had a difference spectrum (Fig. 1 ) similar to that observed in vivo and identical to that measured in crude homogenates immediately after extraction (32) . The absorbance and difference spectra in the visible region were identical to those of purified 124-kD Avena phytochrome (30) but different from those of immunopurified Cucurbita phytochrome (1). Absorbance maxima for Pr were at 666, 379, and 280 nm and for the spectrum obtained after saturating red irradiation (mostly Pfr) were at 730, 673, about 400, and 280 nm (Fig. 1) . The difference spectrum (Pr-Pfr) had a maximum and minimum at 664 and 730 nm, respectively, with a spectral change ratio (AAr/AAfr) of 1.05. In comparison with that of immunopurified Cucurbita phytochrome (1), the spectrum reported here after saturating red irradiation had a farred peak maximum at a longer wavelength and had an enhanced absorbance at the maximum of 730 nm relative to the shoulder at 673 nm (A730/A673 = 1.47) and relative to the Pr peak at 666 (Fig. 3) . As Cucurbita phytochrome in agreement with past observations and indicating that no major production of cross-reacting antibodies was elicited by the NH2 terminus of 124-kDAvena phytochrome. (2) . By comparing the reactivity of serial dilutions of the antiAvena-serum with phytochrome from the two plant species, we estimate that the native chromoprotein from Cucurbita is onefourth to one-eighth as reactive with this antiserum as the native chromoprotein from Avena. Using this antiserum, we could detect no differences on Ouchterlony plates between the Pr and Pfr forms of the native molecule from either plant species (unpublished data).
Phytochrome Proteolysis. Partially purified preparations of Partially purified 120-kD Cucurbita phytochrome (A,.6/A2w = 0.18) was dissolved in 100 mm K-phosphate, 1 mm Na4EDTA, 14 mm 2-mercaptoethanol (pH 7.8) , and incubated at 10C in the Pr form. After various time intervals, aliquots were diluted with an equal volume of phosphate buffer containing I mM PMSF and absorbance and difference spectra were recorded: (-), t = 0 h; (-), I = 48 h; (---), t = 119 h. Immunoblot analysis ofthe phytochrome preparation at the various time intervals is shown in Figure 5 .
120-kD Cucurbita phytochrome contain residual protease activity. Thus, by incubating these preparations without PMSF, it was possible to digest phytochrome into an array ofpolypeptides detectable by immunoblotting with anti-Cucurbita phytochrome Igs (Fig. 4B) . As with Avena phytochrome (32), the digestion patterns of the Pr and Pfr forms differed. Incubation as Pr for 119 h yielded a group of'large' polypeptides of 118.5, 117, 114, and 112 kD (see Fig. 5 for resolution of individual bands), a group of 'small' polypeptides of 68.5, 67, 64, and 62 kD, and a 55-kD polypeptide. The (32) are included for comparison (Fig. 4C) .
The anti-Avena phytochrome serum was used in all subsequent immunoblotting.
Proteolysis of Avena phytochrome in the Pr form is known to affect several spectral properties of the molecule (29, 30) . Preliminary evidence indicated that this is also true for phytochrome from Cucurbita (32) . Using the residual protease activity to degrade the molecule, we obtained a direct correlation between the extent of proteolysis and the degree of spectral alterations by examining both in parallel as a function of time. As seen in Figure 5 , the Pr form of the 1 20-kD molecule was degraded into a mixture of polypeptides of both the large and small groups (see above). At first the 118.5-and 11 7-kD polypeptides predominated (Fig. 5, 23 h) and later an equal mixture of all peptides was present (Fig. 5, 119 h ). In concert with this digestion as Pr, substantial changes in the spectral properties of the molecule were observed. The AAminimum shifted from 730 to 722.5 nm and the spectral change ratio (AAr/AAfr) increased from 1.05 to 1.33 ( Figs. 6 and 7) . The rate of dark reversion, at first negligible with or without dithionite, increased dramatically as phytochrome was cleaved. After a 119-h incubation at10°C as Pr, the percentage of Pfr reverting to Pr after 2 h increased from 0 to 1 1% without dithionite and increased from 7 to 87% with dithionite (Fig. 7) .
In contrast to the dramatic spectral changes that occurred during digestion as Pr, only small spectral changes were evident during digestion as Pfr (Fig. 7) . After a 124-h incubation at 10°C as Pfr, the 70-kD polypeptide comprised the major immunodetectable band (Fig. 5) . These preparations had a AAminimum of 728 nm, a spectral change ratio (ArI/AAfr) of 1.10, and only 1% and 24% of the Pfr dark reverting to Pr after 2 h without or with dithionite, respectively (Fig. 7) . Since the Pfr samples contained a sizable amount of Pr at the end of the incubation (up to 25% [see above]), a substantial percentage of the spectral changes observed during digestion as Pfr can be attributed to molecules actually digested as Pr.
Because the preparation digested for 119 h as Pr contained a complex array of polypeptides, it was not possible to assign the observed changes in spectral properties noted above to the appearance of specific chromopeptides. However, since dark reversion in the presence of dithionite was nearly complete after 2 h, it appears likely that a majority of degraded chromopeptides was capable of dark reversion. Using gel filtration on Bio-Gel A-1.5m, we were able to separate partially the large and small polypeptide groups generated by proteolysis and examine their spectral characteristics individually (Fig. 8) . A 120-kD phytochrome preparation was incubated as Pr for 120 h at 10°C and then applied as Pr to a 2.6 x 80 cm Bio-Gel A-1.5m column. As expected from previous reports, the large polypeptides contained chromophores and, under the nondenaturing conditions of the column, eluted with a molecular mass between 400 and 500 kD, indicating the likelihood that they existed as asymmetric dimers (19, 26) . Also as expected, the small polypeptides contained chromophores and eluted from the column (under nondenaturing conditions) with a molecular mass between 70 and 80 kD indicating that they existed as more or less globular monomers (19, 26) . The 55-kD polypeptide eluted from the column (under nondenaturing conditions) with a molecular mass of 250 to 260 kD and did not appear to contain a chromophore (Fig. 8) .
The spectral properties of the large and small chromopeptide pools were similar. Both were completely photoreversible, had a AAminimum at 722 nm, and were capable of total dark reversion from Pfr to Pr in the presence of dithionite (Fig. 2, lower panel) . Several subtle differences between the large and small pools were notable. The small chromopeptides had a higher spectral change ratio (AAr/AAfr = 1.55 versus 1.37) and a reduced shoulder at 673 nm relative to the peak at 722 nm for the spectrum obtained after saturating red irradiation (A722/A673 = 1.08 versus 0.94). As reported earlier by Pike and Briggs (17) for large and small Secale phytochrome, the dark reversion rate for the small Cucurbita chromopeptides was slower than that ofthe large chromopeptides without dithionite but faster than that of the large chromopeptides with dithionite (Fig. 2) . The dark reversion kinetics for both the large and small pools were not-log linear, a result similar to that in previous kinetic analysis for degraded Secale and Avena phytochrome preparations (17, 30) .
DISCUSSION
The data presented here for 120-kD Cucurbita phytochrome represent the first documented characterization of the native molecule from a dicotyledonous species. Previous characterizations (1, 2, 10, 33) Figure 2 . Arrows to the right in the lower panel indicate the molecular mass of the various polypeptides recognized by the antiserum. spectra of these preparations are identical to those observed in vivo and those measured in vitro immediately after extraction (32) .
The spectral properties of 120-kD Cucurbita phytochrome were identical to those of 1 24-kD Avena phytochrome including the observation that the molecule exhibits negligible dark reversion in vitro. Previous reports that purified dicotyledonous phytochrome exhibited substantial dark reversion in vitro (14, 33) may now be explained by the presence of degraded chromoproteins in these preparations. The lack of in vitro dark reversion of the native molecule from both Cucurbita and Pisum was unexpected because phytochrome from these two species and most other dicotyledons exhibits dark reversion in vivo (7, 15, 20, 24) . As a result, we must conclude that dark reversion in vivo requires conditions no longer present after homogenization. In light of the observations that in vitro proteolysis can induce Cucurbita phytochrome to dark revert (Fig. 7) and that the phytochrome protein is rapidly degraded in vivo after photoconversion to Pfr (7, 17, 20, 24) , it is possible that the dark reverting species in vivo represents a partially degraded intermediate(s) produced during phytochrome destruction. At the present time, neither the mechanism nor the intermediates of in vivo phytochrome degradation are known (20) .
From the spectral and proteolytic characterization of Cucurbita phytochrome described here in conjunction with a peptide map determined previously for Avena phytochrome (32), a peptide map for Cucurbita phytochrome is proposed (Fig. 9 ). This map is based on several observations. First, a monoclonal antibody (designated 1.3 From this peptide map, we can locate the position of at least three immunochemically similar domains between the Cucurbita and Avena phytochrome. Because the antiserum directed against 124-kD Avena phytochrome recognizes all polypeptides generated by proteolysis of the 120-kD molecule from Cucurbita, at least one conserved epitope between Cucurbita and Avena phytochrome must exist on both the 62-kD chromopeptide and the 55-kD chromophoreless peptide containing the COOH terminus. A conserved epitope must also exist in the 1.5-kD NH2 terminal fragment since it is recognized by the monoclonal antibody 1.3 G7F directed against Avena phytochrome (4). The occurrence of conserved epitopes at the NH2 terminus and within the 55-kD COOH terminal regions is the first evidence that such epitopes exist in regions other than that encompassed by the '60'-kD chromopeptide (3, 5) .
In addition to the immunochemical similarity of several domains, a number of important structural similarities between native phytochrome from the two species is evident. Based on the spectral identity of both phytochromes, the chromophore and the entire protein region(s) interacting with the chromophore must be highly conserved since the spectral properties of the -Pr- 
